Abstract-Cellular mechanical properties as the main physical performance characteristics have been actively studied in the past years for the study of cytobiology and the development of medicine. In this study, by combining Hertz model, a novel strategy is proposed to simultaneously measure the cellular mechanical properties including cellular mass, elasticity and viscosity, based on the principle of forced vibration stimulated by simple harmonic force, with piezoelectric transducer (PZT) as vibrator and Atomic Force Microscope (AFM) as detector. The corresponding theoretical model was derived and the simulation was realized based on the proposed model. The experiments of indentations and vibrations with myoblasts and myotubes were implemented to calculate the three mechanical parameters of cells according to the proposed strategy. The results validated the proposed approach. This work would be useful for the development of cytology, medicine, previously diagnose, specific therapy and so on.
the cellular mechanical properties can be used as label-free biomarkers that indicate the physiological properties of cells [5] , tissues and organs. Therefore it could be a potential strategy for early diagnosis of serious diseases to measure the mechanical properties of living cells [4] .
There have been amazing achievements in the development of instruments and techniques for measuring the mechanical properties of single living cells, such as atomic force microscopy (AFM) [5] , magnetic twisting cytometry [6] , optical tweezer [7] , micro-fluidic chip [8] , and micropipette aspiration [9] . Although these tools and techniques have facilitated the study of cytobiology, there are some limitations in their application to measure the mechanical properties of living cells. For example, optical tweezer and magnetic tweezer perform with low throughput and may do harm to living cells due to the high energy. As to micropipette aspiration and micro-fluidic techniques, they can only measure the suspended cells with rough accuracy. Especially, with a nanoscale tip on a ultrahigh force-sensitive cantilever, AFM is capable of measuring local mechanical properties on cell surface at nanoscale level [10] , which helps quantitatively investigate the biological processes and the relationship between the cellular mechanical properties and membrane protein at single-cell and single-molecule levels [11] . However, measurement of cellular mechanical properties, such as elasticity, using AFM may be influenced by probe engagement rate and disturbed by cellular viscosity [12] . Moreover, it is difficult to simultaneously measure multiple mechanical properties of a living cell.
In this study, we proposed a novel approach to measurement of three mechanical properties, mass, elasticity and viscosity, of living cells using AFM based on the principle of forced vibration combined with Hertz model [13] . The corresponding theoretical model for the cell vibration was derived according to the mechanics of vibration and the cellular mechanical properties (mass, elasticity and viscosity) can be accurately and simultaneously acquired using this method. And the experiments with myoblasts and myotubes were implemented to record the force curves and the vibration signals for calculation of the mechanical properties based on the mechanics of vibration and Hertz model.
II. MATERIALS AND METHODS

A. Sample Preparation
In this study, the mouse myoblast cells (C2C12, less than six passages in age, American Type Culture Collection, Manassas, VA, USA) were adopted as the sample to verify the proposed approach to measure the mechanical properties of living cells. The growth medium (GM) consisted of Dulbecco's Modified Eagle Medium (DMEM, HyClone), 100 U/mL penicillin, 100 mg/mL streptomycin (Gibco), and 10% Fetal Bovine Serum (FBS, Gibco). The differentiation medium (DM) consisted of DMEM, 100 U/mL penicillin, 100 mg/mL streptomycin (Gibco), and 2% Horse Serum (HS, Gibco). The cells were firstly cultured in a 60 mm petri dish at 37 0 C, under a 5% CO2 atmosphere in the growth medium until they were fully confluent. Then, the growth medium was replaced by differentiation medium, and after several days, the myoblasts were induced to differentiate into myotubes. The mechanical properties of myoblasts and myotubes were measured respectively with the proposed vibration-based strategy.
B. Measurement Equipments
According to the study on the cellular theoretical model, a cell can be regarded as a viscoelastic mechanical system which can be described by a mass-spring-damper second-order harmonic oscillator [2] . Based on this cellular model, according to the mechanics of vibration, if the cell is adhered on a substrate with simple harmonic vibration, the vibration parameters (amplitude and phase) of the cellular top would be different from those of the substrate, and the differences would change with frequency variation of input vibration to the substrate.
Taking advantages of AFM system that possesses the ultrahigh sensitivity and response rate, a Dimension 3100 AFM (Veeco Inc., Santa Barbara, USA) with a Nanoscope IIIa controller (Digital Instruments, Santa Barbara, USA) was utilized to measure the vibration parameters of substrate and cellular top (Fig. 1A) . A probe, MLCT (Bruker, Santa Barbara, CA, USA), and a cantilever with nominal spring constant 0.01 N/m were selected in order to reduce the influence of external detection force. A controller Signal Access Module (SAM) (Digital Instruments, Santa Barbara, USA) was used to obtain the deflection data of cantilever and the voltage signal that drives the scanning piezoelectric ceramic (PZT) tube of AFM during the measuring process. A digital oscilloscope (TEKTRONIX DPO7054C) was used to display the signals of cantilever deflection and driving voltage from SAM.
As to the vibration source of the substrate, a function generator (AGILENT 33522A) was used to generate a driving signal for the vibrating piezoelectric transducer (PZT) to cause simple harmonic vibration with a dedicated power amplifier (XMT XE-650.OA). A petri dish containing the sample cells was mounted on the top of the vibrating PZT and was forcibly vibrated with the PZT. The vibration parameters (frequency and amplitude) of the sample cells were controlled by adjusting the signal generator, and the vibration frequency was defined within a range from 0.1 kHz to 0.4 kHz in the normal direction. 
C. Theoretical Model
As mentioned above, the cell can be modeled as a viscoelastic mechanical system (Fig. 1B) , the vibration of the substrate can be described as:
where D is the amplitude and ω the angular velocity of the substrate vibration. According to the dynamic balance equation, the vibration of the cellular top can be described as:
where x1 is the relative displacement between the cellular top and the substrate, c the damping factor of the damper associated with the cellular viscosity, k the elastic coefficient of the spring associated with the cellular stiffness, and m the equivalent mass of the sample cell. According to the mechanics of vibration [14] , the relative vibration between the cellular top and the substrate can be written as:
where θ1 is the phase and β1 the amplification factor of the relative vibration of the cell with respect to the substrate, which can be described as:
where s is the relative frequency between the driving frequency ω and the natural resonant frequency ω0 of the cell, and ζ is the relative damping coefficient, which are described as:
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Combining (1~4), the absolute vibration of the cell can be described as:
where β is the amplification factor and θ the phase of the absolute vibration of the cell. If the amplification factor β and the phase θ of the absolute vibration of the cell are known, then the relative frequency s and the relative damping coefficient ζ can be obtained. However, it is unable to calculate the three unknown parameters m, c and k from the relative frequency s and the relative damping coefficient ζ. Therefore, one of these three mechanical properties must be measured independently. In this study, Young's modulus of a cell can be regarded as the stiffness k of the cell in the viscoelastic mechanical model of cells and it can be measured from indentation force curves based on Hertz model with AFM system. So, in this study, the cellular mechanical properties (mass, elasticity and viscosity) can be measured using AFM system by combining the mechanics of vibration and Hertz model.
D. Simulation and Analysis
Based on the proposed theoretical model, the amplification factor (β) and phase (θ) of the absolute vibration of cellular top were simulated with commercial software MATLAB (Ver.7.6.0). The relative frequency s was varied within a range from 0 to 3, and the relative damping coefficient (ζ) within a range from 0.1 to 1.9 (Fig. 2) . The simulation results show that, as to the amplification factor, when s is 2 , β is 1, which means the absolute vibration amplitude of the cellular top is the same as that of the substrate; when s is close to 1, β is largest and the cell vibrates with the maximal amplitude since the vibration frequency approaches the natural resonant frequency ω0 of the cell; the amplification factor β decreases as the damping coefficient ζ increases. As to the phase, θ extends as s increases, and smaller ζ causes more drastic change of s. 
E. Measuring Cellular Stiffness with AFM
The AFM experiment was performed to measure the cellular stiffness based on the Hertz model by recording force curves with AFM. The AFM system and the probe in this experiment were the same as mentioned above. To acquire the force curves of living cells with AFM, the AFM tip was controlled to carefully enter into the liquid in the petri dish containing the living sample cells C2C12 at first. Then, the force curves were obtained on the blank area of the dish substrate in order to identify the sensitivity value of the cantilever using the system software, and the thermal tune method was adopted to determine the elastic constant of the cantilever. At last, under the guidance of optical microscopy, AFM probe was positioned on the central area of a single living cell to obtain the force curves. Five cells were randomly selected from each experimental group of cells (myoblasts and myotubes) to measure the stiffness and ten force curves were recorded at different points on a single living cell surface at the same pressing rate (2.5 μm/s). The Young's modulus of each living cell was calculated from these force curves with MATLAB according to the Hertz model principle [11, 13] .
F. Fluorescence Microscopy
To identify the different forms of the myoblasts and the differentiated myotubes. The microscopic images and fluorescence images were obtained with a commercial fluorescence microscope (Ti, Nikon, Tokyo, Japan). To identify the difference between myoblast and myotube, Actin-Trakcer Green (Beyotime, C1033) and 4', 6-diamidino-2-phenylindole (DAPI; Sigma Aldrich, St. Louis, MO, USA) were used for marking the cell nucleus and cytoskeleton microfilament respectively, and the process is described as follows: Firstly, the culture medium in petri dishes was removed, and the cells were washed three times with phosphate buffered saline (PBS, Hyclone), each for five minutes. Secondly, the cells were fixed with fixative (Beyotime, P0098) for ten minutes. Thirdly, the cells were washed three times again with cell scrubbing solution (Beyotime, P0106), each for five minutes. Fourthly, the cells were stained with Actin-Trakcer Green solution, attenuated with secondary antibody dilution buffer (Beyotime, P0108) at the dilution ration of 1/50, and the volume of the staining solution was 1/5 primary complete growth medium. The cells were incubated in the staining solution without light for an hour. Fifthly, the staining solution was removed and the cells were washed three times with cell scrubbing solution, each for five minutes. Then, the cells were stained again using DAPI staining solution for ten minutes without light. After that, the cells were washed three times with cell scrubbing solution, each for five minutes. Finally, the cells were covered with PBS and the fluorescence images of cells were taken using the fluorescence microscope.
G. Data Acquisition and Processing
The data obtaining in this work were processed with MATLAB procedure written by ourselves, and the data were smoothed by median filter with the modulus 100.
III. EXPERIMENTS AND RESULT ANALYSIS
A. Cell Culture
The C2C12 cells propagated to be fully confluent after three days cultured in GM (Fig. 3A~C) . Then, the GM was replaced by DM to induce the myoblasts to differentiate into myotubes. In DM, the myoblasts stopped propagating and merged together to transform into myotubes, which presented long-strip shape with multiple nucleus (Fig. 3D~F) after seven days cultured in DM. The myoblast cells and myotube cells were then used in the experiments to acquire the indentation force curves and vibration signals of cells. 
B. Measuring Cellular Stiffness using Force Curves with AFM
The experiments of indenting myoblasts and myotubes with AFM probe were carried out and the force curves were recorded for the calculation of Young's modulus of the myoblasts and myotubes based on Hertz model, as shown in Fig. 4 . The procedure to calculate the cellular Young's modulus using the force curves based on Hertz model can be referred in [11, 12] .
As shown in Fig. 4D , the stiffness value of the myoblasts cultured in GM is 5.2 kPa and the stiffness modulus of myotubes is 11.9 kPa, which means that myoblasts are much softer than myotubes and the stiffness of myoblasts is only 43.5% of that of myotubes. The Young's modulus values were used as the cellular stiffness k in the viscoelastic mechanical model of cells for further measurement of the cellular mass m and viscosity c from the vibration experiments of cells. 
B. Measuring Mechanical Properties with the Proposed Strategy
The PZT under the substrate was driven to perform simple harmonic vibration by the input voltage controlled by the function generator, then, the petri dish containing living cells was forced to vibrate with the vibrating PZT at the same frequency. For each experiment group (myoblasts and myotubes), the absolute vibrations of five cells and the substrate vibrations at the positions close the cells were measured with AFM respectively, from which the amplification factor β and the phase θ can be calculated for the identification of the cellular mechanical properties (mass, elasticity and viscosity). During the measurement of the substrate vibration, the digital oscilloscope was used to record the relevant signals, as shown in Fig. 5A . The signal from function generator (yellow curve) was amplified and then the amplified voltage signal (bright blue curve) was used to drive the vibrating PZT to vibrate the substrate. The cantilever was to deflect due to the vibration, and the voltage signal (green curve) was generated from the AFM system controller to drive the scanning PZT to prevent the cantilever deflection. Therefore the deflection signal of the cantilever is close to 0 (purple curve). As shown in Fig. 5A , the amplified power signal (blue) to drive the vibrating PZT is lagged behind the function signal (yellow) and is ahead of the voltage signal (green) to drive the scanning PZT, and the reason can be attributed to the capacitance effect of the PZTs, the viscoelasticity of the cantilever, and the retardance of AFM system, and so on. As shown in Fig. 5B , the relevant signals during the measurement of the cell vibration were recorded as well, including the amplified voltage signal (bright blue curve) to drive the vibrating PZT, the voltage signal (blue curve) to drive the scanning PZT, and the cantilever deflection signal (purple curve). Since the cantilever deflection signals were close to 0 due to the compensation of the scanning PZT, the voltage signals (blue curve) to drive the scanning PZT were used as the measurements of the substrate and cell vibrations in this study. The voltage signals to drive the vibrating and scanning PZTs were smoothed at first, then the standardized signals for the substrate vibration (green curve) and cell vibration (blue curve) were obtained by aligning the smoothed amplified voltage signals (bright blue curve), as shown in Fig. 5C , and the amplitudes and phases of the substrate and cell vibrations can be acquired. Therefore the amplification factor β and the phase θ, on the average, of the absolute vibration of the cell relative to the substrate vibration can be achieved by simple computation. In this study, the frequencies of 0.1 kHz, 0.2kHz, 0.3kHz, and 0.4kHz were selected to drive the vibrations, and the amplification factor β and the phase θ (relative to substrate) were obtained at these vibration frequencies for both myoblasts (blue bars) in GM and myotubes (red bars) in DM, as shown in Fig. 6A and Fig. 6B . It is obvious that, at all vibration frequencies, the amplification factors of myoblasts are smaller than those of myotubes, and, on the contrary, the phases of myoblasts are larger than those of the myotubes. Furthermore, the amplification factor of myoblasts changes slightly at different vibration frequencies and the amplification factor of myotubes increases as the vibration frequency increases, indicating that myoblasts have a more relative damping ratio, as shown in Fig. 2 . The Young's modulus of cells, as shown in Fig. 4D , can be converted to the cellular elasticity k (in N/m), as shown in the subfigure (a) of Fig. 6C . Then, as shown in the subfigures (b) and (c) of Fig.  6C , the other two mechanical parameters of cells, relative viscosity c and relative mass m, were computed from the amplification factor β and the phase θ, according to the equations (5~9) in the theoretical mechanical model of cells. The experiment results show that myotubes in DM is stiffer than myoblasts in GM, myoblasts are more viscous than myotubes, and the myotubes have larger mass than myoblasts. The result of the cellular mechanical properties may be affected by the liquid/medium of the sample, the feedback lag of the system, the measurement error and so on, and these factors will be considered in the further work. The simple model used in this paper may not applicable for obtaining accurate mechanical properties of the sample cells, but the qualitative measurement is useful for the research on the cytobiology.
IV. CONCLUSION
Cellular mechanical properties, including mass, elasticity and viscosity, as label-free biomarkers, can reflect the state of cell, tissue and organ, and therefore the measurement of these mechanical properties is of great interest in the study of cytobiology and nano-technology in recent years. In this study, a novel approach to measuring the mechanical properties of living cells using AFM system based on the mechanics of vibration and Hertz model was proposed, and the corresponding theoretical model was derived according to the model of viscoelastic mechanical system. The experiments of indentations and vibrations with myoblasts and myotubes were implemented to identify the cellular mechanical parameters, mass, elasticity and viscosity. This work would be useful for the development of cytology, medicine, previously diagnose, specific therapy and so on.
